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Abstract 

The  effect  of  Sc  additions  on  precipitation  strengthening  in  Ai-2n-Mg-Cu  alloys  was  studied  after 
natural  and  artificial  aging.  Phase  analysis  was  performed  using  transmission  electron  microscopy  and 
computer  simulations.  Miemhardness  of  the  alloys  was  studied  after  different  steps  of  aging  and  the 
strengthening  mechanisms  were  discussed.  It  w'as  found  that  Sc  does  not  affect  the  kinetics  of  aging  at 
room  temperature,  which  is  controlled  by  formation  and  growth  of  GP!  zones.  Sc  also  does  not  affect  the 
kinetics  of  aging  at  iSO'^C,  which  is  controlled  by  formation  and  growth  of  rj'  and  ri  particles.  However, 
the  additions  of  Sc  accelerate  the  aging  process  at  120'^C  within  a  period  of  time  of  formation  and 
growth  of  GPU  zones.  It  is  concluded  that  the  presence  of  Sc  accelerates  formation  and  growth  of  GPU 
zones  in  the  Al-Zn-Mg-Cu  alloys  during  artificial  aging. 

Introduction 

Aerospace  industry  has  a  substantial  interest  to  the  newer  materials  with  high  specific  properties  and  low 
cost.  Al-Zn-Mg-Cu  7000  series  alloys  have  the  highest  strength  among  ail  commercial  atuminum  alloys 
[I].  Their  strength  is  mainly  controlled  by  precipitation  reactions  accompanying  heat  treatment.  For  this 
reason,  precipitation  from  a  solid  solution  is  being  one  of  the  most  extensively  Investigated  areas  of 
physical  metallurgy  of  aluminum  alloys  [2-71.  Precipitation  sequence  in  7000  series  alloys  can  be 
summarized  as  [2-4]: 

Solid  Solution  Gubuer-Preston  (GP)  Zones  Metmtable  i]'  Stable  ff  (MgZn^ 

The  GPU  zones  and  metastabie  t)'  phase  are  believed  to  be  responsible  for  peak  hardening  of  these 
alloys,  while  transformation  of  r|'  into  stable  r|  leads  to  a  decrease  in  hardness  (i.c.  overaging)  [4-5].  The 
effect  of  smali  additions  of  Sc  and  Zr  on  mechanical  properties  of  advanced  aluminum  alloys  has  been 
studied  extensively  [2,8-12].  It  was  found  that  these  elements  can  provide  a  superior  combination  of 
high  strength  and  acceptable  ductility  [9-12],  Increased  strength  and  improved  ductility  were  related  to 
the  formation  of  fine  coherent  Alj(Sc,Zr)  particles  and  refined  grain  structure.  At  the  same  time  only- 
limited  and  contradictory  information  is  currently  available  on  the  effect  of  Sc  on  aging  kinetics  of  Al- 
Zn-Mg-Cu  alloys  [12J.  Therefore,  the  goal  of  the  present  work  was  to  study  the  effect  of  Sc  on  the 
kinetics  of  precipitation  and  strengthening  in  Al-Zn-Mg-Cu  alloys  during  natural  and  artificial  aging. 
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Expisri  mental 


Two  A[-Zn-Mg-Cu  alloys  produced  by  direct  chill  (DC)  casting  in  the  shape  of  76  mm  diameter  rods, 
with  the  same  nominal  composition  but  different  Sc  concentrations  of  0  and  0,38  wt,  %  Sc,  were  used  as 
starling  materials  These  alloys  were  developed  by  UES,  Inc.  on  request  of  the  US  Air  Force  for  use  at 
ambient  and  cryogenic  temperatures  [13,14],  The  chemical  compositions  of  the  produced  alloys  are 
given  in  Table  I. 


Table  I,  Compositions  (in  wt.%)  of  the  alloys , studied  in  the  present  work 


Alloy 

Zn 

Mg 

Cu 

Mil 

Zr 

Sc 

Otlicrs 

A1 

SSAOOO 

7.1 

2.30 

1,61 

0.27 

0,17 

0 

up  10  0.3 

Balance 

SSA038 

7.1 

2.14 

1,56 

0.25 

0.17 

0.38 

up  to  0,3 

Balance 

The  Vickers  mierohardness  at  500  g  load  was  measured  in  the  regions  of  the  fiat  polished  surfaces  of  the 
transverse  cross-sections,  which  were  located  about  1 5-20  mm  from  the  center  of  the  DC  cast  rods.  The 
cast  alloys  were  heal  treated  in  air  using  resistance  heated  bos  furnaces  with  forced  air  convection, 
Homogenization  of  the  alloys  was  performed  at  460‘C]  for  48  hours,  TEM  samples  were  subjected  to 
additional  two-.step  solution  heat  treatment  at  460°C  for  2  hours  and  480T  for  1  hour  with  subsequent 
water  quenching.  For  natural  aging  the  samples  were  held  at  room  temperature  for  ditfcreni  time 
periods  Artificial  aging  was  performed  at  two  different  temperatures,  and  I50°C,  with  different 
soaking  times  and  subsequent  air  cooling,  Microstructural  and  phase  analyses  were  conducted  using  a 
transmission  electron  microscope  (TEM)  Phillips  CM200  operating  at  an  accelerating  voltage  of  200 
kV.  niin  foils  for  TEM  were  rwdn-jet  clcctropolisheJ  in  a  solution  consisting  of  20%  HNOj  and  80%  methanol 
at  -30'’C,  Experimental  selective  area  diffraction  patterns  (SADP)  were  compared  with  the  literature  data 
[3-7, 1 5j  and  corresponding  SADPs  simulated  by  Desktop  Microscopist  DM2.2Nct  sofiware. 


Results  and  Discussion 

Effect  of  Sc  on  IVTicrobardiiess  after  Natural  and  Artificml  Aging 

Dependencies  of  the  Vickers  microhardness  of  SSAOOO  and  SSA038  alloys  on  the  natural  aging  time  arc 
given  in  Figure  la.  The  microhardness  of  both  alloys  increa.ses  logarithmically  w'ith  an  increase  in  the 
aging  time,  due  to  formation  and  growth  of  GPI  zones  (see  below).  On  the  initial  stage  of  natural  aging 
(during  first  30  minutes  after  water  quenching),  the  microhardne.ss  increases  slowdy  indicating 
incubation  period  of  the  GPI  zone  nueleation,  A  rapid  increase  in  mierohardness  is  observed  during 
natural  aging  within  30  minutes  to  600  hours.  At  longer  aging  times,  the  rate  of  mierohardness  increase 
slows  dow'n,  probably  due  to  a  decrease  in  the  nueleation  rate  and  the  precipitate  coarsening  at  a  near 
saturated  volume  fraction  of  the  GPI  zones.  The  Sc-containing  alloy  has  mierohardness,  which  is  about 
120  MPa  higher  than  that  of  the  Sc -free  ahoy.  This  difference  in  the  mierohardness  does  not  depend  on 
the  natural  aging  time,  indicating  that  there  is  no  effect  of  Sc  on  precipitation  and  growth  of  GPI  zones, 

Figure  Ib  shows  mierohardness  of  SSAOOO  and  SSA038  alloys  after  artificial  aging  at  I20^C  for  a 
different  period  of  time.  For  both  alloys,  mierohardness  first  increases  with  the  aging  time,  reaches  a 
maximum  of  about  2  GPa  alter  162-hour  aging  and  then  rapidly  decreases.  Within  ~8  hours  of  aging 
mierohardness  increases  slightly  faster  in  the  Sc-modifled  alloy,  so  that  after  8  hours  of  aging  at  120“C 
mierohardness  of  SSA038  alloy  is  about  200  MPa  higher  than  that  of  SSAOOO  alloy.  However,  at  longer 
aging  times  the  rate  of  the  mierohardness  increase  slows  down  in  SSA038,  w'hilc  it  almost  does  not 


2 


change  in  SSAOOOj  resulting  in  near  the  same  microharJness  in  these  two  alloys  in  the  peak  aged 
condition  (after  162  h  aging).  After  peak  aging,  the  microhardness  of  both  alloys  decreases  and  has 
nearly  tlie  saiTie  values. 
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Figure  1.  Room  tempemtnre  Vickers  microhardness 
of  SSAOOO  and  SSA()3{S  alloys  after 
homogenization  at  460*C  for  4ij  hours,  vvater 
quenching  and  (a)  natural  aging  or  (b,c)  arritleial 
agi]ig  at  (b)  120'^C  and  (c)  I50T  for  a  ditt’erent 
period  of  time. 


Dependencies  of  the  Vickers  microhardness  of  SSAOOO  and  SSA03S  alloys  on  the  aging  time  at 
arc  given  in  Figure  Ic.  Unlike  to  anifieial  aging  at  120"C,  there  is  no  substantial  effect  of  Sc  on  the 
aging  kinetics  at  1 50°C,  and  an  increase  in  the  micro  hardness  due  to  the  presence  of  Sc  almost  does  not 
depend  on  the  aging  time,  Figure  Ic.  The  difference  in  the  microhardness  of  these  alloys  after  aging  at 
150°C  is  about  80  MPa  at  any  aging  time.  The  peak  microhardness  in  the  alloys  aged  at  150°C  was 
obsei"ved  after  shorter  aging  times,  at  about  1 2  hours. 


Effect  of  Sc  cm  Precipitation  During  Naturiil  and  Artificial  Aging 

Figure  2  represents  simulated  selected  area  difTraclion  patterns  of  studied  alloys  with  different  possible 
precipitation  phases  in  {001)a!  and  (1  12)ai  projections.  Positions  of  diffraction  spots  from  GPI  and  GPU  zones 
are  taken  from  the  literature  data  [3,4,6, 1 5],  while  diffraction  patterns  of  the  Lb  [AljZr  or  Afj(Sc,Zr)],  r\'  and  r\ 
phases  are  simulated  using  Desktop  Mieroscopist  DM2,2Met  softw''are.  Diffraction  features  of  GPI  zones  are 
best  view'ed  in  the  {001)^1  SADP,  Figure  2a.  In  this  SADP,  main  strong  diffraction  spots  come  from  the 
aluminum  matrix,  Weak  sharp  diffraction  spots  at  {h,k,l}={(2n-i-l),0,0),  {0,(2n+l),0)  and  i((2n+l),(2n-i-l),0} 
positions  in  the  A I  reciprocal  lattice  are  from  the  Lb  phase.  The  rows  of  diffuse  spots  at  (l,(2n-l-iy4,0} 
positions  are  ftom  GPI  zones.  According  to  [3],  the  strongest  diffuse  spots  from  GPI  are  located  at  positions 
{IJ/4,0}ai  and  (  I,7/4,0}ai.  According  to  [6],  GPU  zones  can  also  be  identified  in  (001  )ai  projections  as  weak 
spots  near  2/3{220}ai  positions,  Irowever,  other  work  [15]  indicates  that  diffraction  features  of  GPU  zones  are 
not  visible  in  this  projection.  .According  to  [4],  weak  diffraction  spots  at  1/3  (220} ai  and  2/3  {220} ai  positions  in  * 
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the  (OOt)Ai  SADP  are  from  metastabie  r|'  precipitates.  Results  of  our  simulations  also  show  that  only  GPl  ^ones 
and  AbZr/Al3(Sc,Zr)  can  be  clearly  identified  in  tlie  (OOI)ai  SADP  while  diffraction  spots  frorn  GPli  zones,  r|' 
and  r|  phases  are  overlapping  (see  Figure  2a). 

Another  characteristic  difTraction  pattern  for  precipitation  analysis  is  the  (1  12)ai  SADP,  Figure  2b,  GPI  have 
been  showm  to  produce  diffusive  difJraction  spots  at  1/3{31  I}ai  and  2/3(31  and  GPU  produce  difTiisive 
spots  near  1/2  {31 1  }ai  [4].  Diffraction  features  of  the  rj'  phase  can  also  be  observ'ed  in  the  <1  12>ai  projections 
as  diffraction  streaks  along  ( 1 1  1}ai  at  1/3  and  2,G  {220} ai  positions  [4J,  Figure  2b,  As  it  is  shown  in  Figure  2b, 
elongated  spots  slightly  outside  of  {220}ai  and  (3 1 1  }At,  as  w'eil  as  near  (1 1 1 }  ai  and  (222 }ai  positions,  in  the 
(1  I2)ai  SADP  (Figure  2b)  indicate  tlie  presence  of  the  equilibrium  rj  phase,  According  to  our  simulations, 
diffraction  spots  from  the  Lh,  r|'  and  n  phases,  as  W'ell  as  from  GPl  and  GPU  zones,  can  be  separated  in  the 
<112)ai  SADP,  'llierefore,  the  <001>ai  and  <1  12>ai  SADPs  were  used  to  analyze  precipitates  present  in  the 
alloys  after  different  aging  conditions. 


•  tl  "  °  m 


Figure  2,  Simulated  selected  area  diffraction  patterns  in  (a)  (001  )ai  projection  and  (b)  (1  12)ai  projection.  Large 
filled  circles  are  from  fee  AI;  crosses  arc  from  LI2  phase;  open  circles  are  from  GPI  zones;  small  filled  circles 
are  from  GPU  zones;  open  squares  are  from  q'  phase  and  filled  squares  are  from  q  phase. 

Typical  dark  field  images  of  different  precipitates  observed  in  the  present  study  are  given  in  Figure  3.  After 
solution  treatment,  water  quenching  and  natural  aging,  fine  ALZrand  ,Al3(Sc,Zr)  particles  are  easily  identified 
in,  respectively,  Sc-free  and  Sc-containing  alloys  (see  Figures  3a  and  3b>.  The  average  size  of  tlae  AljZr 
particles  is  about  15  nm  and  their  number  density  is  approximately  5x10'“^  cm'^.  The  size  of  the  Al3{Sc^r) 
particles  varies  from  5  nm  to  40  nm,  witli  an  average  size  of  about  22  nm,  and  their  number  density'  is  about 
IxlO’^'toJxlO'^  cm'^.  The  higher  number  densit}'  of  the  Al3(Sc,Zr)  particles  than  of  AijZr  pail  ides  is  evidently 
responsible  for  the  increased  microhardness  of  the  Sc  modiiled  alloy  SSA03S  in  the  solution  treated  and 
naturally  aged  conditions.  The  AL(Sc,Zr)  and  AijZr  particles  were  present  after  all  aging  conditions  studied  in 
the  current  work  and  their  size  and  number  density  did  not  change  with  aging  time.  Therefore,  the  diflfraction 
features  from  these  particles  are  not  discussed  in  the  follow'ing  text. 

Figures  3c  and  3d  show  dark  field  images  of,  respectively,  q'  and  q  particles  after  artificial  aging  at  150'^C, 
After  I -hour  aging  at  this  temperature,  the  r\'  phase  particles  have  the  average  size  of  2-3  nm  and  the  number 
density'  of  1 0*^-1 0'^  cm'^.  Figure  3c,  After  12  hour  aging  at  1 50°C,  the  average  q'  phase  particle  size  increases 
to  -5-6  nm  and  larger  q  phase  particles  with  the  average  size  of  9-1  i  nm  and  the  number  density  of  ~  lO'^-lO'* 
cm'"  can  also  be  identified  (see  Figure  3d). 
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Figure  3.  Typical  dark  field  images  in  (a)  AljZr;  (b)  Al3(Sc,Zr);  (c)  r]'  and  (d)  ti  phase  diffraction  spots,  (a) 
SSAOOO  and  (b)  SSA03S  alloys  after  natural  aging;  (c)  SSAOOO  after  aging  at  150''C  for  1  li;  (d)  SSA038  after 
aging  at  150°C  for  12  ti, 


Figures  4  and  5  show  SADPs  in  (001).^  and  {1  12)al  projections  from  SSAOOO  and  SSA038  alloy  samples 
naturally  aged  for  *-1000  hours.  Characteristic  patterns  of  diffuse  spots  associated  with  GPI  zones  are  observed! 
in  both  SSAOOO  and  SSA038  alloys.  Mo  diffraction  features  of  GPU  zones  or  if  particles  are  found  in  the 
naturally  aged  samples.  This  result  reveals  that  an  increase  in  the  microhardness  during  natural  aging  of  these 
alloys  is  due  to  precipitation  and  groulh  of  GPI  zones.  The  fact  that  the  kinetics  of  the  natural  aging  is  the  same 
in  both  Sc-containing  and  Sc-free  alloys  (see  Figure  la)  indicates  that  Sc  does  not  have  any  effect  on  formation 
and  growth  of  the  GPI  zones  in  the  Al-Zn-Mg-Cu  alloys. 
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(a)  .  (b) 

Figure  4.  Selected  area  ditlVaction  pallem5i  in  <001  )ai  projection  of  (a)  SSAOOO  and  (b)  SSA038  alloy  samples 
after  solution  annealing,  water  quenching  and  subsequent  natural  aging  for '^1000  hours. 
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Figure  5.  Selected  area  difFraction  patterns  in  (I  12)ai  projection  of  (a)  SSAOOO  and  (b)  SSA038  alloy  samples 
after  solution  annealing,  water  quenching  and  subsequent  natural  aging  for  ~l  000  hours. 

Typical  SADPs  of  the  samples  after  solution  annealing,  water  quenching  and  subsequent  artificial  aging 
at  120^C  for  24  hours  are  given  in  Figure  6,  The  diffraction  analysis  reveals  the  presence  of  GPI  and 
GPU  zones  as  major  precipitates  in  the  Sc- free  alloy,  Figure  6a.  There  are  also  some  diffraction  features 
indicating  that  p'  particles  started  to  form  in  SSAOOO  at  this  aging  condition.  On  the  other  hand,  in  the 
Sc  containing  alloy  GPU  zones  and  r\'  particles  prevail  after  aging  at  120^C  for  24  hours.  Figure  6b. 
Weak  diffraction  spots  at  2/3 {3 1  f}Ai  positions  indicate  that  some  GPI  zones  are  stili  present  in  SSA038 
alloy;  however,  their  intensity  is  much  weaker  than  in  the  Sc-free  sample.  The  results  of  the  SADP 
analysis  allow  us  to  suggest  that  formation  and  growth  of  the  GPU  zones  during  artificial  aging  at  120°C 
occur  faster  in  the  Sc-containing  alloy  leading  to  earlier  formation  of  the  q'  particles.  The  accelerating 
formation  and  growth  of  GPU  zones  may  result  from  a  higher  nuinher  density  of  vacancy-rich  clusters 
(VRC)  [18,19]  in  the  Sc-containing  alloy.  GPU  zones  are  believed  to  nucleate  on  VRC  [19].  Indeed,  it 
has  been  recently  shown  [20]  that  the  binding  energy  of  a  Sc  atoin  wuth  a  vacancy  is  about  0.35  cV,  * 
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which  is  higher  than  that  for  other  solutes.  Therefore,  higher  number  density  of  VRC  should  be  expected 
in  the  Sc-containing  alloy  than  in  the  Sc-free  alloy  after  solution  treatment  and  water  quenching.  This 
different  kinetics  of  formation  and  growth  of  GPU  zones  in  the  Sc-free  and  Sc-containing  alloys 
explains  a  more  rapid  increase  in  the  mi  orchard  ness  at  earlier  stages  of  aging  at  120'^C  in  the  Sc- 
containing  alloy. 
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Figure  6,  Selected  area  dilMction  patterns  of  (a)  SSAOOO  and  (b)  SSA038  alloy  samples  after  solution 
annealing,  water  quenching  and  subsequent  artificial  aging  at  l2{rC  for  24  hours  in  ^1  12)ai  projection, 
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Figure  7.  Selected  area  diffraction  patterns  of  (a)  SSAOOO  and  {bj  SSA038  alloy  samples  after  solution 
annealing,  water  quenching  and  subsequent  artificial  aging  at  120“C  for  162  houn;  in  (1  12)ai  projection. 


Figure  7  shows  typical  SADPs  of  SSAOOO  and  SS.403S  alloys  after  aging  at  llOX  for  162  hours,  which 
corresponds  to  the  peak  aging  condition  (see  Figure  ib).  Mo  diffraction  spots  from,  GPl  zones  arc 
detected  indicating  that  the  GPl  zones  were  completely  dissolved.  On  the  other  hand,  diffraction  features 
of  G  Pi  I  zones  and  ri'  particles  are  observed  in  both  alloys,  Besides,  weak  diffraction  spots  near  {220  }ai 
and  {222}ai  indicate  that  the  r|  phase  starts  to  form.  The  presence  of  the  equilibrium  q  phase  suggests 
tha,t  the  maximum  size  of  the  metastabie  q'  phase  particles  in  this  aged  condition  reached  its  critical  * 


7 


value  providing  the  peak  hardening  [1 6].  Almost  the  same  values  of  microhardness  in  the  Sc -containing 
and  Sc -free  alloys  after  1 62- hour  aging  at  120'’C  can  be  due  to  coarser  particles  (both  t)'  and  rj)  and 
higher  volume  fraction  of  the  equilibrium  r\  phase  in  the  Sc-containing  alloy,  The  hardness  loss 
associated  with  the  larger  particle  size  leads  to  an  apparent  decrease  in  the  hardening  effect  from  the 
,M3(Se,Zr)  particles.  Similar  conclusion  has  been  made  earlier  [17]. 

Typical  SADPs  of  SSAOOO  and  SSA038  alloys  after  solution  annealing,  water  quenching  and 
subsequent  aging  at  150'^C  for  I  hour  are  given  in  Figure  8.  The  r\'  particles  arc  found  to  be  the  major 
precipitates  in  this  aging  condition  in  both  alloys.  Diffraction  spots  from  the  ti  phase  are  not  observed, 
However,  the  diffraction  features  of  both  metastable  r\'  and  equilibrium  rt  phases  are  identified  on  the 
SADPs  in  both  the  alloys  in  the  peak  aged  condition,  i.e,  after  12  hours  at  150'°C,  Figure  9,  The  latter 
suggests  that  the  ineta stable  r^'  phase  reaches  its  maximum  volume  fraction  providing  the  highest 
micro  hard  ness  of  the  alloys  and  starts  to  transform  into  the  equiiihrium  t)  phase. 


(a)  (b) 

Figure  8,  Selected  area  diffraction  patterns  of  (a)  SSAOOO  and  (b)  SSA038  alloy  samples  after  solution 
annealing,  water  quenching  and  subsequent  artificial  aging  at  1 50“^  for  1  hoLsr  In  (112)^1  projection. 


.After  48 -hour  aging  at  1 5 OX  the  major  precipitates  in  both  SSAOOO  and  SSA02S  alloys  remain  the 
same:  t]'  and  r|  particles.  Figure  10.  At  the  same  time,  diffraction  spots  from  the  phase  become 
stronger  suggesting  that  the  volume  fraction  of  the  q  precipitates  increases  significantly.  Besides, 
diffusive  streaks  along  {111}ai  from  the  q'  phase  are  rather  thick  and  discrete,  which  indicates 
coarsening  of  the  q'  phase  particles.  The  mean  size  of  the  q'  particles  after  aging  at  150X  for  48  hours 
is  6-7  nm  and  the  size  of  q  precipitates  is  about  11  nm  in  both  SSAOOO  and  SSA03S  alloys.  Coarsening 
of  the  major  hardening  precipitates,  q'  phase  particles,  as  well  as  an  increase  in  the  volume  fraction  of 
the  rather  coarse  q  phase  particles,  seems  to  be  responsible  for  a  decrease  in  microhardness  in  the 
over  aged  condition.  Similar  character  of  precipitation  after  aging  at  150X  resulted  in  essentially  the 
same  microhardness  values  in  both  Sc-containing  and  Sc- free  alloys  (see  Figure  Ic),  Unlike  to  aging  at 
I20X,  no  effect  of  Sc  on  the  precipitation  kinetics  during  artificial  aging  at  150X  was  found,  in 
agreement  with  the  microhardness  measurements. 
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(a)  (b) 

Figure  9.  Seiected  area  diffract  ion  patterns  of  (a)  SSAOOO  and  (b)  SSA038  alloy  samples  alter  solution 
annealing,  water  quenehing  and  subsequent  artificial  aging  at  1  SO't  for  12  hours  in  0  I2)ai  projection. 
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Figure  10,  Selected  area  diffraction  patterns  of  (a)  SSAOOO  and  (b)  SSAOUS  alloy  samples  after  solution 
annealing,  water  quenching  and  subsequent  artificial  aging  at  i  50"C  for  48  hours  in  0  I2)a[  projection. 

Conclusions 

An  addition  of  0.38  vvt,%  Sc  to  a  Al-Zn-Mg-Cu  alloy  results  in  --120  MPa  increase  in  the  microhardness 
after  solution  treatment  due  to  formation  of  fine  coherent  Ab(Sc,Zr)  particles. 

Kinetics  of  natiira!  aging  of  the  Sc-containing  and  Sc- free  alloys  is  essentially  the  same  and  is  controlled 
by  formation  and  growth  of  GPl  zones.  The  difference  in  the  microhardness  of  these  alloys  remains 
unchanging  and  is  the  same  as  after  solution  treatment  (ssl  20  MPa), 

During  artificial  aging  at  i20X,  the  presence  of  Sc  accelerates  formation  and  growth  of  GPU  zones  at 
the  beginning  of  aging,  which  results  in  -200  MPa  higher  microhardness  value  in  the  SSA038  than  in 
SSAOOO  after  8  hour  aging.  However,  this  accelerated  formation  and  growth  of  GPU  zones  in  the  Sc- 


9 


containing  alloy  leads  to  coarser  ti'  and  particles  In  the  peak  aged  condition  and,  therefore,  reduces  the 
effect  of  aging  on  peak  microhardness, 

The  Sc  addition  docs  not  affect  the  kinetics  of  aging  at  1 50'^C,  which  is  controlled  by  formation  and 
growth  of  ri'  and  IT  particles.  The  difference  in  the  micro  hardness  of  these  alloys  after  aging  at  I50°C  is 
about  80  MPa  at  any  aging  time, 
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